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Abstract
One of the topology that comes under distributed control architecture in pho-
tovoltaic application is differential power processing. This topology is basically a
minimal power processing technique as the differential convertors used here pro-
vide mismatch current to the series connected PV module string. Series connected
PV module suffers from mismatch problem due to different level of insolation,
shading, or manufacturing variation of different sub-module as the current in se-
ries connection is same thus the efficiency of the PV system is compromised even
when a single sub-module is damaged or solar irradiation is not uniform. This dis-
tributed architecture uses bidirectional buck-boost convertor to enable the power
flow from one module to another in either direction depending on the opening and
closing of Mosfet switch which drive the convertor in buck or boost mode. The
control algorithm used to achieve true MPPT is an iterative process which uses
local voltage measured and neighbor to neighbor communication to update the
algorithm and thus efficient tracking. This architecture overcomes the problem of
the conventional power electronics solution for series connected PV module with
mismatch, where there is a compromise between system efficiency and total power
production. Since the differential convertor deals only with the mismatched power
which is just a small fraction of total power and all convertors having same effi-
ciency the overall efficiency can be improved significantly. If there is no mismatch
between the modules then ideally no power loss will occur in DPP convertor and
the efficiency of system is limited by central invertor. This algorithm uses graph
Laplacian approach where Laplacian matrix is used to obtain information from
neighboring PV module. This approach reduces the number of iterations at each
step thus improving the tracking speed with no added hardware making it more
suitable for long series string PV module. Algorithm along with simulation and
its properties are presented in this paper.
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Introduction
Chapter 1
Introduction
1.1 Background
Renewable energy is obtained from natural process and it involves sunlight,
wind/tides, geothermal etc which are replenished naturally. Renewable energy
has been in use before the development in coal as wind energy was used for sailing
the ship, biomass was used for fire. Although the utilization of solar energy for
producing voltage goes back to 1839 by Edmund Becquerel it was not until early
1950s when technology for producing highly pure crystalline silicon was developed
that the era for PV cells heralded. Solar energy can be used in different forms
with the emerging technological innovations like solar photo−voltaic, concentrated
sun power, solar heating. There are two methods for obtaining electricity from
sunlight, photo−voltaic is a direct method and is highly researched upon method.
The other method is an indirect one and is called concentrated solar power (CSP).
In this method large area of sunlight is focused using lenses, mirror and trackers
on small area thus the concentrated sunlight is used to produce heat energy which
is further used to obtained electricity through thermoelectric process. The regions
which have high solar insolation are suited for these CSP plant. The worldwide
capacity of installed CSP is around 3.4GW [1] with Spain and United States
leading in this technology. In photo−voltaic when the junction of a p-n junction
diode is illuminated, the number of electron hole pair increases and thus the current
is increased as these carrier sweep across the junction. The electron crossing
the junction from p to n will flow out through n terminal toward p terminal
2
1.2 Literature Review
when an external circuit is connected, and thus the device behaves as voltage cell.
Thus light energy is directly converted into electricity by using photo−voltaic cell.
Advancement in transistor technology resulting from huge amount of research and
development expended in it has enormously impacted the PV industry as both
are made of same material sharing the same physical phenomena. Recent years
has seen the growth of PV industry by 60
1.2 Literature Review
A number of architecture has been presented which implement the technique of
differential power processing. Some of the topology using minimal power process-
ing are given below: Shuﬄing converter also called differential power processing
Returned energy current converter (RECC) with feedback control Feed forward
current control The above circuit topology merits and high level analysis has been
given in [3]. Earlier approach which employ a generation control circuit [4] re-
quires a complex gate driving circuit. In this the MPPT slows down as number of
PV modules increases as the switch current and voltage rating increases also the
circuit complexity increases as the communication between each DPP converter
and central converter require extra wires. This will make the implementation more
difficult and impair the effort to miniaturization of the system. Also the reliability
is limited for this system as a malfunctioning in central unit of communication
can render the system useless. But the advantage of generation control circuit is
that there is no need of local current measurement thus preventing extra cost and
also loss due to current sensing. Other method which is being used recently in
photo−voltaic is voltage equalization [5,6] operation. In this method the primary
concern of the converter is to maintain the voltages of all the module at same.
This method will achieve near MPPT as it will be only effective when the varia-
tion in V-I characteristics is small i.e the shading or irradiance variation in very
low and the maximum power point voltage sensitivity is less compared to current.
DC optimizer [7–9] along with Micro-inverters [10,12] comes under full power pro-
cessing architecture. In this type of architecture the distributed converters which
3
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are used to implement the algorithm are connected in series to PV string. In DC
optimizer the whole power is processed twice, once in DC/DC converter stage and
again at central inverter stage. This will result in significant loss in the system
as the efficiency is limited by converter and inverter efficiency both. In case of
Micro-inverter the PV sub-module is directly connected to the inverter but this
architecture has cost disadvantage over central inverter or string level inverter,
also the efficiency of the system is compromised as high voltage inverters are more
efficient but here inverters are connected to individual sub-module. The topology
proposed in is transformer coupled using voltage equalization method as discussed
above. To obtain voltage equalization the distributed converters are operated in
open loop which will eliminate the need for communication thus simplifying the
architecture. But the problem with this is that it requires PV modules with neg-
ligible power variation which is not possible generally. Costly binning process [13]
is performed during manufacturing where the modules with specific maximum
percentage tolerances are grouped together to as to minimize the output power
variation, even then also in real time scenario during field operation the voltage
of PV module can drift apart due to thermal gradient. One recent approach [14]
implementing the distributed algorithm where communication is reduced but in-
stead current is measured for each sub-module causing additional power loss apart
from synchronization between converters. From above literature we see that for
DPP converters, to obtain the information of neighboring module require com-
munication or local current sensing. The current sensing technique is avoided for
the sake of system efficiency and cost. Communication is used between adjacent
modules to obtain their voltage, but this should be limited to overcome the central
approach.
1.3 Motivation
In photo-voltaics the basic building block is a solar cell which will produce very
meager amount of power output. To increase the power output for any practical
application group of cells connected together in series parallel arrangement to form
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array. Ideally all the PV sub-modules should produce same power output so that
overall output is maximized, but it is not so due to various factors influencing
external and internal to PV module themselves. In series connected PV mod-
ule the string current should be same, but due to varying amount of irradiation
on different PV module each module has different current and voltage causing a
mismatch problem. Thus all the modules cannot produce maximum power simul-
taneously even if there is no shading because of other factors like manufacturing
variability, ageing etc. The power output of PV system is thus seriously hampered
by above mismatch problem and this motivates to study distributed sub-module
level MPPT.
1.4 Contribution of the Thesis
The objective of this work is to study a distributed algorithm that works on
sub-module level and gives true MPPT. Algorithm works on differential power
processing [27] architecture which work on providing the series PV string with the
mismatch current. The above architecture helps in reducing the size of overall
PV system and cost and also improves the power conversion efficiency. Here
we want to study a system where low voltage converter is employed and is using
minimum communication and no current sensing. In this work PV model has been
simulated and also bidirectional buck-boost used as Differential power processing
(DPP) converter are designed and simulated in open loop. Some of the salient
points of this thesis are:
1. Study of photo-voltaic module and simulation in Mat lab simulink.
2. Study of minimal power processing structure and full power processing ar-
chitecture.
3. study of the Differential power processing algorithm characteristics .
4. Study of Bi-directional buck boost converter and steady state analysis.
5
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1.5 Organization of the Thesis
The thesis work has been organized as follows:
 Chapter 2:This chapter provides the overview of solar photo-voltaics and
effects of shading on power output of PV system.
 Chapter 3: provides an overview of the various Differential power point
architecture and specifically DPP architecture is studied
 Chapter 4: in this chapter, Bi-directional buck boost converter is studied
and steady state analysis has been studied.
 Chapter 5: presents the simulation results and the analysis along with
future work and conclusion.
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Chapter 2
Modeling Of Photo Voltaic
Module
2.1 Introduction
The growth of solar cell industry in recent times have been attributed to increasing
global warming and uncertainty in climatic conditions due to excessive use of
convention fuel and its exploitation. To overcome this problem research have
been undertaken at huge pace to move from conventional fuel to renewable energy
resources to tap into this inexhaustible source. Thus photo voltaic comes into
picture, transforming sunlight into electricity. The benefits that can be achieved
from photo voltaic can be given as
 This system contains no moving part so no fear of wear and tear thus pre-
venting maintenance cost.
 Is renewable so no fuel required.
 Is made from Silicon one of the most abundant element on earth.
 Once carefully manufactured and installed requires little maintenance.
 Supports wide range of applications from remote residential use to large scale
centralized energy farms.
Apart from these benefits, there are also some con also like it is not reliable
due to its dependence on insolation and temperature which are variable. Even
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though sunlight is abundant but it is in very dilute form due to scattering and
absorption and reflection back in space.Sun releases huge amount of energy beyond
usage reach of human need. Per second power output that is produced is 3.86
1020 MW. The amount of sunlight that is available at earth surface is related to
quantity of air mass (AM) through which light passes. Atmosphere works as a
good filter absorbing large quantity of suns radiation almost 50%. Sun radiation
is scattered by small gaseous molecules which are very much smaller than the
wavelength of radiation, this type of scattering is known as Rayleigh scattering. Of
all the radiation coming into the atmosphere after this Rayleigh scattering process
approximately half of it reflects back into space and remaining is diffused to earth.
The dust particles which are larger than the wavelength of radiation also scatter
the radiation this is known as Mie scattering and it depends on location and dust
particles in the atmosphere. The solar spectrum with different molecules absorbing
different wavelength is shown in Figure 2.1 [?]. All the above factors described
Figure 2.1: The extraterrestrial solar spectrum (AM0), ideal black body curve
and solar spectrum at the earths surface (AM2)
above influence the power output of PV cell. Though the Sun is constant source
of irradiation but at earth surface the distribution of irradiation is not uniform
thus a good PV system should be modeled taking into consideration these effect.
9
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The present theoretical understanding of photo voltaic has been laid by Quan-
tum mechanics in 1920s and 1930 and major breakthrough was the development of
Czochralski method to obtain highly pure Silicon crystal. In 1958 small solar cell
array was used in U.S Vangaurd space satellite to power the radio which worked
so well that the development of solar cell technology has been part of Space pro-
gram ever since. The extensive research and development in transistor industry
has revolutionized the PV cell technology as both are made of same material and
their working depends on same physical phenomena.
2.2 PV cell modeling
The photo voltaic effect can be described as, when solar radiation is incident
on PV cells then photons with energy high enough to strike out the electron from
valance bond of semiconductor material thus producing electron hole pair which
will enable flow of electricity in external circuit and is proportional to light falling
on the PV cell. The building block of photo voltaic system is a solar cell which
is made of p-n junction photo diode. A group of cells when combined forms a
panel or module and when the group of modules are connected in series/parallel
arrangement they form an array. When considering small load like light bulb
or DC motor the load can be directly connected to photo voltaic (PV) array.
Converters are used in other applications where current and voltage from PV has
to be regulated to obtain maximum power yield, and to track maximum power
point (MPP). From the equivalent circuit we see that when we short circuit the
cell, the current will flow through the external circuit, and when the cell is open
circuited the diode connected in parallel to PV module will shunt the circuit
internally. Hence when we consider open circuit characteristic of the cell, it is
set by the diode characteristic. It determines the V-I characteristics of PV cell.
Following factor should be considered when we want to obtain the characteristics
accurately.
 The reverse saturation current of the diode I0 is temperature dependent.
10
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Figure 2.2: Equivalent model of PV cell
 Photo current obtained through the PV array is also temperature dependent.
 Series resistance RS.
 Parallel resistance Rsh connected in parallel to the diode.
 Diode ideality factor η.
The mathematical model of the PV cell is given in equation (2.1)-(2.4), [15]-[17].
Module photo current Icell is given by,
Icell = [Isc +KI(Top − 298)]× λ
1000
(2.1)
Module reverse saturation current,
Irev sat =
Isc
[exp( qVoc
NsKATop
)− 1] (2.2)
Module saturation current I0 dependence on temperature is given by,
I0 = Irev sat × [ Top
Tref
]3exp[
q × Eg0
B ×K {
1
Tref
− 1
Top
}] (2.3)
The current output of the PV module is given by,
IPV = Np × Icell −Np × I0[exp{q × (VPV + IPV ×Rs)
NsAKTop
}] (2.4)
Following data has been considered as reference to simulate the PV model
in Mat lab Simulink. These specifications [26] are given for the standard test
11
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condition for temperature of 250C and irradiance of 1000w/m2.
Table 2.1: Electrical characteristics of SOLKAR 36W PV Module
Power rating of the module 37.08 W
Maximum power Voltage 16.56 V
Maximum power Current 2.25 A
Isc, Short circuit current 2.55 A
Voc, open circuit Voltage 21.24 V
No of cells in series, Ns 36
No of cells in parallel, Np, 1
n, Diode ideality factor 1.6
One of the problem that drastically limit the power output is shading of PV
module. The shading of a particular PV cell will reduce the current output of
that cell and the entire string current will be limited by lowest module current
thus when group of cells are connected in series to increase the voltage and hence
power then the shaded cell will limit the overall power of PV system. One other
problem associated with shading is Hot-spot formation. When overall module
current increases than the short-circuit current of shaded cell or group of cell in
the same module then the shaded module becomes reversed biased which leads to
power dissipation and local overheating. To overcome the effect of partial shading
bypass diodes are standard addition to photo voltaic module. These diode function
is to provide current path in the circuit when the cell becomes faulty and open
circuit, this will enable the module to provide output power even in the case of
partial shading but at reduced voltage. To mitigate the effect of partial shading
there can be four solutions:
 Modified MPPT techniques
12
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 Interconnection of PV module in different array configuration.
 Different converter topology
 Different PV architecture
2.3 Maximum Power Point Tracking (MPPT)
MPPT is done to obtain maximum power output from the PV module at a
given irradiation and temperature condition. In applications where load needs
more power than produced by the PV module then power converters can be used
to increase the output as required. There are many approach to get the maximum
output using MPPT and the choice of MPPT depends on various factors which
include Implementation complexity, cost, response time, and ability to detect local
and global MPP etc. in case of uniform insolation there is only a single MPP and
conventional techniques like perturb and observe P&O [18]-[19], hill climbing[20],
Incremental conductance [21],[22].
When some cells or sub-module comes under partial shading then these conven-
tional techniques to maximize power are not very effective due to multiple peaks
created in the P-V characteristics. These peaks formed because of bypass diode
used to prevent hot spot and these local maxima are mistaken for global maxima
by these technique. Effective MPPT technique must be used to obtain global peak
power and utilize the modules to best of their efficiency. Here in this topic P&O
algorithm is used to maximize the current and voltage individually in separate
loop and with the help of this information DPP converter are used to run the
main algorithm which will seek true MPPT.
2.3.1 Perturb and observe technique P&O
P&O technique and hill climbing method has gathered much focus among all
the conventional MPPT techniques. Fundamentally both method are same but
are approached from different way. The operating voltage is perturbed in case
of P&O method and in case of hill climbing technique duty ratio perturbation is
13
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done which in turn will change the PV array current and thus array voltage. From
the PV curve it can be seen that when the voltage is below VMPP and is increased
(decreased) then the power also increases (decreases) and in case the operating
voltage is to the right of VMPP then increasing the voltage decreases the power
and vice-versa. So according to this P&O technique if power is increasing then
the perturbation direction should be same as before but if the power decrease,
direction of perturbation should be reversed. This process should be repeated till
maximum power is obtained. There is one drawback of this algorithm is that there
is oscillation around the maximum power point and it depends on the step size of
the perturbation. If the step size is reduced oscillation can be reduced, but the
MPPT will slow down. Summary of MPPT technique using P&O is given below
in Table 2.
Figure 2.3: Flow chart for P&O algorithm
The flow chart for P&O algorithm is given in Fig 5 [?]. One another disadvan-
tage of this algorithm is that in case sudden variation in atmospheric condition
this method fails to recognize the true maximum power point. If the atmospheric
condition vary between one sampling interval the P-V curve changes, the operating
point will change between that and algorithm will not recognize true MPP.
14
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Chapter 3
Differential Power Processing
3.1 Introduction
Generating the power that can be used in any application or standalone PV
system high voltage is needed so connection of PV cells are done in series this
will increase the overall voltage across the module and to increase the current
these modules are connected in parallel. This type of connection is often prone to
mismatch due to variation of irradiation temperature aging etc which will cause
the current of affected module to differ from other resulting into mismatching.
Due to power loss it is not possible to determine the operating point at which
the system operates at maximum power point. To rectify this problem different
kinds of architecture are used which perform module level MPPT. These are also
referred to as distributed MPPT architecture. Distributed architecture can be
categorized into two types
 Full power processing architecture
 Minimal power processing architecture
Dc optimizer and micro-inverters are two types of full power processing architec-
ture as these process the full power obtained from their PV module regardless of
the irradiation.The block diagram of both these architecture is shown in Figure
3.2(a) and 3.2(b) [10] In case of minimal power processing architecture [22] very
small amount of power is processed. Bulk power is directly fed to central inverter
and the dc/dc converter only process on the difference of power between adjacent
16
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modules. Advantages of minimal power processing are
 Reduced converter rating
 Low losses
 Converter operating under lower stress.
Disadvantage of minimal power processing are
 Complex MPPT algorithm
 Complex wiring connections
In case of DC optimizer high efficiency converters which are able to sustain
themselves should be designed. The advantage with these converter is that they
can independently track the maximum power and control them locally. This is
done by connecting converter to each panel which results in PV panels that are
independent of system complexity and its geometry. This system is intelligent,
low cost and is reliable. These converter are able to switch its operation between
three modes that are buck mode, boost mode and pass-through mode. Output of
converter is directly connected to input in case of pass-through mode and there are
minimum losses at nominal condition. Using MIC the string voltage is regulated
to fixed value and this will enable low cost and optimized design and size of
converter adding reliability to system. The advantage of this configuration is that
PV panels are decoupled from each other and the string thus they can operate
at their individual maximum power point and unaffected from variation in string
current
In minimum power processing architecture and full power processing architec-
ture the location of MPPT unit might be confusing as one cannot easily determine
if closed loop regulator is to be used or an MPPT should be applied. The basic
difference between these two methods is that in case of MPPT it is an iterative
process of obtaining the maximum power point using the algorithm while in case
of closed loop regulator negative feedback is used to fix the current or voltage
17
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(a)
(b)
Figure 3.1: (a)DC optimizer Architecture and (b)Micro-Inverter Architecture
at a reference value. The number of Power processors that are used to regulate
the operating point and degree of freedom was identified for power system was
presented by theorem in [23]. In the theorem it was concluded that the system
operating point should be equal to number of converters used to control it. If the
above conclusion is applied for distributed architecture then following Lemma 1
was given in [?] Lemma 1: A system with N photo voltaic module must contain
exactly N maximum power point tracking unit (MPPT). In case of minimal power
processing this guideline is not intuitive. In this architecture the inverter should
18
3.2 DPP Architecture for 3 sub-module 2 DPP system
have MPPT unit for itself. The closed loop regulator will not be able to obtain the
exact maximum power. The string power including the converter is maximized by
PV module maximum power point and the string voltage is sum of all the module
voltages. Thus the power and voltage both are maximized at string output by
MPP of PV module. This will lead to determination of string current as both
power and voltage is known.
The number of MPPT unit for string should be equal to (N-1) for N number
of PV module as one MPPT unit will be dedicated to inverter. Increasing or
decreasing the number of MPPT unit will either result in instability and deadlock
or reduced power harvested.
Figure 3.2: Adequate DPP Architecture with MPPT location
3.2 DPP Architecture for 3 sub-module 2 DPP
system
In this architecture 3 sub-modules are connected in series and DPP converters
are connected between pair of sub-modules. The architecture [27] is shown in
Figure 3.3(a) . This architecture can be scalable to large number of PV modules
and DPP converters. The necessity of the system is to improve the efficiency and
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one important factor is to operate the converter only when it is necessary and
with as minimal possible power that is required. It enables the series connected
PV module to work at MPP by providing the difference of current between the
two adjacent PV modules as shown in Figure 3.3(b) [?] conceptually. In case of no
mismatch the converter will provide no current to series PV circuit and there will
be no power exchange. The bulk power is directly sent to central inverter without
processing it through DPP converters which will reduce the converter rating as
it will only have to pass required differential power and hence there will be low
losses and improved efficiency of the overall system. The size of the converter
will also be reduced as it will be working at very high frequency and the inductor
size will be small. As shown in Figure 3.3(b) the string current of 2A has to be
maintained so that there is no mismatch. As the modules are connected in series
they have their own VMPP and IMPP so they needed to be matched to common
string current which is done by DPP converters.
The system consist of DPP converters which are basically bi-directional con-
verter connected in parallel to the string of series PV module which are then
connected to central converter as shown in Figure 3.3(a). The objective here is to
maximize the power obtained from the series connected module. To achieve this
objective of MPPT two control loops are considered for current and voltage. In
current loop the central inverter is configured as controllable current sink which
will be used to maximize current using perturb and observe algorithm. In other
loop the overall voltage of the sub module is maximized by adjusting the duty
ratio of Differential converters again using perturb and observe algorithm. It is
worth noting that the time constant of DPP converter is much smaller than that
of perturbation time for current loop. Considering any current I, it can be seen
that irrespective of irradiation condition the voltage can be maximized which is
equivalent to power maximizing.
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(a)
(b)
Figure 3.3: (a)DPP Architecture with information exchange between neighbors
and (b)DPP example showing current matching
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The control algorithm along with equations(3.1)− (3.7) [27] is given as ,
maxV (D1, D2) = v1(D1, D2) + v2(D1, D2) + v3(D1, D2) (3.1)
D1 and D2 are duty ratio of DPP1 and DPP2. The maximum of function can
be obtained by setting its gradient to zero
∇V (D∗1, D∗2) =
 δv1δD1 + δv2δD1 + δv3δD1
δv1
δD2
+ δv2
δD2
+ δv3
δD2
 =
0
0

D∗1 D
∗
2 are respective duty ratio corresponding to maximum power. The optimal
value of duty ratio is obtained by local controllers which will adjust the value of
D iteratively based on:
 Measured local voltage
 State variables maintained by local controller
 Variables which are estimated by neighboring DPP
The differential converters will maintain a state variable which will be determined
locally.
x[T ] = [D1[T ], Dˆ1,2[T ], Dˆ2,1[T ], D2[T ]]
T (3.2)
z[T ] = [z1,1[T ], z1,2[T ], z2,1[T ], z2,2[T ]]
T (3.3)
The variables are updated after each iteration as:
x[T + 1] = (I4 − δL˜)x[T ]− δL˜z[T ] + δγu[T ] (3.4)
z[T + 1] = z[T ] + δL˜x[T ] (3.5)
WhereD1[T ] is actual duty ratio of DPP1,D2[T ] is actual duty ratio of DPP2,Dˆ1,2[T ]
is DPP1s estimate of duty ratio of DPP2.Dˆ2,1[T ] is DPP2s estimate of duty ratio
of DPP1, and Z1[T ] and Z2[T ] are ancillary state vector maintained by local con-
troller. I4 is 4× 4 identity matrix and L˜
⊗
I2 , where I2 is 2× 2 identity matrix.⊗
denotes Kronecker product of L and I2.
22
3.2 DPP Architecture for 3 sub-module 2 DPP system
L =
 1 −1
−1 0

L is Laplacian matrix of graph representing exchange of information between
local controllers shown in Fig 3.3 (a). δ and γ are tuning parameters used for
tuning the algorithm. u[k] is defined as:
u[T ] =
[
[ δψ1
δD1
]|D1[T ],D2[T ] [ δψ1δD2 ]|D1[T ],D2[T ] [
δψ2
δD1
]|D1[T ],D2[T ] [ δψ2δD2 ]|D1[T ],D2[T ]
]T
ψ1 and ψ2 are defined as:
ψ1(D1, D2) = v1(D
′
1D2) +
1
2
× v2(D1, D2) (3.6)
ψ2(D1, D2) = v3(D
′
1D2) +
1
2
× v2(D1, D2) (3.7)
From above equations it can be observed that the update of DPP1 states is function
of its own state, state of neighbor and partial derivative of input function u[T ]. The
information that will be used to update the algorithm will be obtained with the
help of N2N communications. To perform this estimation at every iteration DPP
perturb its duty ratio by fixed small amount while both local controller observes
the sub-module voltage and after receiving the required information they update
their respective states. After sufficiently large no. of iterations string voltage is
maximized. The timeline for the control algorithm is shown in Figure 3.4 [27].
Figure 3.4: Timeline for slow and fast control loop
From the time line we can see that first the slow control loop is initiated as
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the central inverter will update a certain string current and then in second control
loop the DPP will run the control algorithm to maximize the voltage output of
series string which will be sum of all the voltages of module and thus the overall
maximum power can be extracted for that particular current which will be used
in P&O algorithm in next iteration. The value of current is then perturbed to
next value and DPP converter again maximize the voltage and we get a power
for this value. The difference between this power obtained and power for the
previous value of current drives the direction of next current perturbation. From
the architecture it is observed that each DPP module is connected to a pair of
PV module thus it has information of module which are adjacent to it through
local controllers of DPP. Neighbor to neighbor (N2N) communication is used by
the controllers to obtain the duty ratio which maximizes overall voltage of the
module. The flow chart [27] for algorithm is given in the Figure 3.5.
Figure 3.5: Simplified flowchart describing the working of algorithm
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3.2.1 Algorithm extension for N sub-module (N-1) DPP
system:
The studied algorithm is scalable to large number of PV modules and the state
vectors along with ancillary vectors are given in equation (3.8)− (3.13) [27],
x[T ] = [x1[T ] x2[T ] ... xi[T ] ... xn−1[T ]]T (3.8)
z[T ] = [z1[T ] z2[T ] ... zi[T ] ... zn−1[T ]]T (3.9)
The local controller of differential converter maintain these state vectors. These
controllers have role of maintaining the duty ratio estimate of its own state and
the estimate of duty ratio of neighbors.
xi[T ] = [Dˆi,1[T ] ... ˆDi,i−1[T ], Di[T ], ˆDi,i+1[T ] ... ˆDi,n−1[T ]]T (3.10)
zi[T ] = [zi,1[T ], zi,2[T ], ... zi,n−1[T ]]T (3.11)
Where,
u[T ] =
[
δψ1
δD
[ δψ2
δD
.... δψn−1(D)
δD
]T
δψi
δD
=
[
δψi
δD1
[ δψi
δD2
.... δψi(D)
δDn−1
]T
ψi(D) =

vi(D) +
1
2
vi+1(D), i = 1
1
2
vi(D) +
1
2
vi+1(D), 1 < i < n− 1
1
2
vi(D) + vi+1(D) i = n− 1
x[T + 1] = (In−12 − δL˜)x[T ]− δL˜z[T ] + δγu[T ] (3.12)
z[T + 1] = z[T ] + δL˜x[T ] (3.13)
In−12 is (n−1)×(n−1) identity matrix. The Laplacian matrix for this configuration
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is given as
L =

1 −1 0 ... ... 0
−1 2 −1 0 ... 0
0 −1 2 −1 ... ...
... ... ... ... ... ...
... ... ... −1 2 −1
0 ... ... ... −1 1

The same case is arrived as with that for 3 PV module and 2 DPP converter. After
sufficient number of iterations the optimum value of duty ratio is observed.Although
the Laplacian matrix and the update function are in matrix form, but the compu-
tation is distributed. The distributed approach can be explained when considering
node 1, DPP updates and store the vectors xi[T ] and zi[T ] which is part of equa-
tion (3.8 ) and (3.9). The information of the neighboring module will be provided
by the Laplacian matrix and when considering the ith row of that matrix, it will
give DPPis estimate of adjacent module voltages. when only xi[T +1] is computed
by expanding the update function in equation (3.12) and (3.13) we get,
xi[T+1] = δxi−1[T ]+(1−2δ)xi[T ]+δxi+1[T ]+δzi−1[T ]−2δzi[T ]+δzi+1[T ]+δγui[T ]
(3.14)
zi[T + 1] = zi[T ] + δxi−1[T ] + 2δxi[T ]− δxi+1[T ] (3.15)
From the above equation it is clearly seen that the value of next updated state
will depend solely on the information obtained through DPP which will provide
the estimate of the closest neighboring through N2N communications.
3.3 Discussion on the characteristics of the stud-
ied algorithm:
3.3.1 Choice of tuning parameter γ
The amount of influence that input vector will have on state vector will be deter-
mined by this parameter .when the value of γ is large the response will be fast
but there will be large overshoot in duty ratio in transient response. When differ-
26
3.3 Discussion on the characteristics of the studied algorithm:
ent value of γ is used in the update function then the duty ratio the system will
evolve with time. When the irradiance changes with time as step function then
even with changing values forγ the steady state value to which algorithm converge
is same. The overshoot in duty ratio at t = 0 is large when compared to other
irradiance change at different time. At t = 0 the system will get no information
from neighboring DPP, thus at cold start the state vectors x[T ] can be initialized
to 0.5 but z[T ] which is taken to support the input vector u[T ] will be have to be
initialized to 0. For small value of z[T ] small γ is preferred as state vector will
detect even very small change in input vector and this will suppress the overshoot.
This small value will slow down the convergence rate of duty ratio, but it can be
considered as tuning of differential processor which will happen just once in a day.
After steady state is reached and system converges,γ values should be increased
as small value will cause the system to become slow. The increased value of γ
will result into effective tracking of irradiance variation. once z[T ] reaches steady
state large variation in will not cause large overshoot in duty cycle. If the value
has to be changed without affecting the duty cycle then some on-line technique
have to be used [27]. Once steady state is reached then we have’
x[T + 1] = x[T ] = x∗ (3.16)
z[T + 1] = z[T ] = z∗ (3.17)
When the above values are put into update equation then we get,
L˜z∗ = γu∗ (3.18)
L˜x∗ = 0 (3.19)
From equation (2.24) it is clear that if the value of γ and z∗ are scaled by same
factor then changing the value will not influence the duty cycle as there will be
no change in equilibrium point.
Impact of communication topology on convergence speed
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Figure 3.6: Graph of 6 sub-module 5 DPP showing redundant communication
The graph of communication topology is shown in above figure (3.8)/cite27.
The solid lines shown represent N2N communication, but this communication will
slow down the algorithm for evolving duty cycle. But if the communication will
also include immediate neighbor along with one extra neighbor closest to imme-
diate neighbor then there will be redundancy in the system. But this redundancy
will increase the convergence speed of the system. This extra connections will be
requiring more hardware but there will not be significant impact on control algo-
rithm as there will be only change in the Laplacian matrix which will incorporate
this new connections. The Laplacian matrix [27] is given for this communication
topology as:
L =

2 −1 −1 0 0
−1 3 −1 −1 0
−1 −1 4 −1 −1
0 −1 −1 3 −1
0 0 −1 −1 2

The advantage of this new connection is that it will greatly improve the conver-
gence speed. When more and more communication links are added then in that
case the convergence speed is increased significantly.
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3.3.2 Impact of communication topology on reliability:
If the directed graph remains strongly connected then in that case the system
will provide optimal solution and converge. When the communication topology
of Figure (3.6)/cite27.is considered and connections are made to closest and sec-
ond closest neighbor then this algorithm can be reconfigured to perform under
communication failures. If the failure occur as shown in Figure (3.7). then local
controllers will determine the failure and it will reconfigure the Laplacian matrix
by changing the corresponding row. The Laplacian matrix [27] can be given as,
Figure 3.7: Graph for 6 sub-module 5 DPP with Communication failure
L =

1 −1 0 0 0
−1 3 −1 −1 0
0 −1 3 −1 −1
0 −1 −1 3 −1
0 0 −1 −1 2

From the Laplacian matrix it can be seen that there is variation in first row and
third row rest of the matrix remains unaffected. This change in matrix implies
that there is communication failure in DPPs which are on either end of link and
is completely local to them only, rest of the system will perform MPPT as usual.
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Buck Boost Converter
Chapter 4
Bi-directional Buck Boost
Converter
4.1 Introduction
Earlier when the power flow was required in both directions i.e from source to
load and load to source two unidirectional converters were used with each con-
verter processing in one direction. Bi-directional converters were used to overcome
the problem of size as these are compact, smaller and have good efficiency and
are mainly used in space and telecommunications industry. Traditionally the bi-
directional dc-dc converters were used in DC motor drives, but the ability to
reverse the direction of current flow and the flow of power has made bi-directional
converters an important component in power system like renewable energy, fuel
cell and hybrid vehicle also. Multiple input bi-directional converter plays a crucial
role when there are many different sources, interconnecting them and managing
proper power flow. In renewable energy source like solar and wind, the output
power is varying due to fluctuations in atmospheric conditions, but the load should
be operated at constant supply so there is need of these converters as they allow
auxiliary storage unit to store energy and provide energy to load when DC bus
voltage is low. The power flow in both directions is realized by using MOSFET
OR IGBT in parallel with a diode as switch with current flow in both direction is
not available.
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4.2 Bi-directional converters
Bi-directional converters can be categorized into two types:
 Non-isolated Bi-directional converters.
 Isolated bi-directional dc-dc converters.
4.2.1 Non-isolated bi-directional dc-dc converter
The criterion for selecting a non-isolated bi-directional dc-dc converter are size,
cost and higher efficiency. For the above said reasons bi-directional converters
(BDC) are fancied in spacecraft system and high power system. The basic dia-
gram of bi-directional buck-boost converter is given in Fig 4.1.
Figure 4.1: Bi-directional buck-boost converter
From the above Fig 4.1, we can see the anti parallel combination of step up and
step down stage. The step up operation can be used in motor drive application
to increase the battery voltage and controlling of the inverter input. Step down
mode is used for regenerative braking allowing braking current to pass and storing
of vehicle energy in battery. Increase in power density can be obtained through
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current interleaving technology [25]-[26] with minimized inductance.
4.2.2 Isolated bi-directional dc-dc converter
Isolation in BDC is provided by transformer but it incurs additional cost and
more losses. Isolation is used in applications which require isolation as well as
matched impedance between the isolated circuit. Different topology that comes
under this category is a half bridge, full bridge, push pull or their variations. In
one of the topology primary side of transformer is half bridge arrangement while
secondary side is current fed push pull arrangement [26].This configuration works
in two modes, one in which battery is charged using the main bus while battery
provides power when dc bus is not available. This type of circuit is used in charg-
ing and discharging circuit in UPS. The transformer in isolated converter utilizes
leakage inductance as energy storing and transferring element. The full bridge
arrangement is considered best among other topology but it complicated having
large size and is costly.
4.3 Modeling of Bi-directional Buck-Boost con-
verter
Depending on the power produced by each PV module, this BDC manages the
flow of power between two modules by providing small amount of mismatch cur-
rent thus balancing the current in series circuit. This circuit structure enables the
converter to operate in two modes depending on the direction of power flow: buck
mode and boost mode.
4.3.1 Boost Mode
The BDC used here is a synchronous circuit i.e complimentary gating signals is
used to switch the Mosfet on or off. If switch S1 is ON then S2 will be OFF, both
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Figure 4.2: BDC in boost mode with switch S1 closed and S2 open
switch cant work in same state simultaneously. Depending on the switch position
two operational modes are possible. Duty ratio is defined as ratio of ON time to
total time period of the signal.
D =
Ton
T
=
Ton
Ton + Toff
Ton is time during which signal is ON or the switch is connected and Toff is
time when the switch is open. The equations [?] given in (4.1) − (4.39) describe
the steady state modeleling of the converter.Considering the case of closed switch
S1
Closed switch S1(0 ≤ t < DT )
When the switch S1 is closed then due to complementary operation of switches
S2 will be open. The low voltage side supply is connected to inductor L1 and total
supply voltage appears across inductor.
VL = L1
dIL1
dt
(4.1)
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As the voltage across inductor is constant, the inductor current will increase lin-
early with closed switch S1. The inductor current change is given as
∆IL1
∆t
=
∆IL1
DT
=
VL
L1
(4.2)
From the above equation (3.2) we see that
∆IL1(on) =
VL
L1
DT (4.3)
Open switch S1(DT ≤ t < T )
When switch S1 is opened then again due to complimentary action switch S2
is closed. The high side capacitor is connected to load resistor R. the equivalent
circuit is shown in Figure.
Figure 4.3: Bi-directional converter with switch S1 open and S2 closed
Voltage across inductor is given as
vL1 = VL − VH = L1
dIL1
dt
(4.4)
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Simplifying the above equation
dIL1
dt
=
VL − VH
L1
(4.5)
In case of open switch S1 there is linear decrease in change in inductor voltage.
It is given as follows
∆IL1
∆t
=
∆IL1
(1−D)T =
VL − VH
L1
(4.6)
Thus from above equation we get
∆IL1(off) =
VL − VH
L1
(1−D)T (4.7)
At steady state, the sum of inductor current during ON and OFF time should
be equal to zero. Thus
∆IL1(on) + ∆IL1(off) = 0
VL − VH
L1
+
VL − VH
L1
(1−D)T = 0 (4.8)
The above equation represent inductor volt second balance, and simplifying
above equation (3.8) we get,
VH =
VL
1−D (4.9)
As the value of D varies between 0 and 1 hence it is clear from equation (3.9)
that converter operates in boost mode and voltage VH on high voltage side is
greater than that of low voltage side VL
Capacitance design under boost mode
The Boost mode analysis was done based on the assumption that the capacitor
on high value side can hold on to any voltage value. But there is variation in
voltage at high side due to the effects of limiting capacitance. The variation of
charge on capacitors is given as
|∆QH | = VH
R
DT = CH∆VH (4.10)
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The ripple voltage is given by
∆VH =
VH
RCH
DT =
VHD
RCHf
(4.11)
CH =
D
Rf(∆VH/VH)
(4.12)
Here R is load resistance on high voltage side, f is converter switching frequency,
and (∆Vh/VH) is ripple ratio on high voltage side.
Inductance design for boost mode
Input power on both sides of converter should be equivalent if we neglect line
losses.
VLIL1 =
V 2H
R
=
(VL/(1−D))2
R
=
V 2L
(1−D)2R (4.13)
Thus inductor current is given by
IL1 =
V 2L
(1−D)2R (4.14)
The maximum and minimum inductor current is obtained as
IL1max = IL1 +
∆IL1
2
=
VL
(1−D)2R +
VL
2IL1
DT (4.15)
IL1min = IL1 −
∆IL1
2
=
VL
(1−D)2R −
VL
2IL1
DT (4.16)
The continuous conduction mode requires that the minimum value of inductor
current should be greater than 0. So equation (3.16) must be satisfied
VL
(1−D)2R −
VL
2IL1
DT ≥ 0 (4.17)
Simplifying the above equation so that minimum inductor current should be
satisfied, the minimum inductance value should be
L1min ≥
D(1−D)2R
2f
(4.18)
Thus to work in boost mode the bi-directional buck boost converter should
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have its inductor current in CCM in any duty cycle
4.3.2 Buck Mode
The converter works under buck mode and is determined by the switch position.
Considering the case of closed switch S2 and switch S1 open.
Closed switch (0 ≤ t ≤ DT )
When switch S2 is closed then due to complimentary operation of gating signal
switch S1 is open. The equivalent circuit of converter is shown in Figure
Figure 4.4: converter in buck mode with switch S1 open and S2 closed
The voltage across inductor is given as
VL1 = VH − VL = L1
dIL1
dt
(4.19)
Simplifying we get
dIL1
dt
=
VH − VL
L1
(4.20)
From above equations, positive value of rate of change of inductor current
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implies linear increase. The above equation can be written as
∆IL1
δt
=
VH − VL
L1
(4.21)
Change in inductor current during the on time is
∆IL1(on) =
VH − VL
L1
DT (4.22)
Open Switch S2 (DT ≤ t < T )
Equivalent circuit in case of open switch S2 and closed switch S1 is given in Figure.
Figure 4.5: Equivalent circuit in case of open switch S2 and closed switch S1 is
given in Figure.
Voltage across inductor can be given as
VL1 = −VL = L1
dIL1
dt
(4.23)
Simplifying the above equation we get
dIL1
dt
= −VL1
L1
(4.24)
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The ve sign in above equation signifies that the rate of change of inductor
current presents a linear decrease. It can be written as
∆IL1(off) = −
VL1
L1
(1D)T (4.25)
By using inductor volt second balance
∆IL1(on) + ∆IL1(off) = 0
VH − VL
L1
DT − VL
L1
(1D)T = 0 (4.26)
Simplifying above equation, we get
(VH − VL)DT − VL(1D)T = 0 (4.27)
Equation (4.27) represents inductor volt-sec balance principle and from above
equation only we get
VL = VHD (4.28)
From equation (4.28) it is clear that voltage on low voltage side is lower than
voltage high voltage side.
Capacitance design for Buck Mode
The capacitor current is given by as
ICL = IL1 − IR
We can say from the fig that positive capacitor current implies charging of the
capacitor. The change in capacitor charge defines the capacitance and voltage at
low voltage side and is given as
∆QL = CL∆VL (4.29)
we can also obtain the solution of above equation, calculating the area under
positive capacitor current
∆QL =
T∆IL1
8
(4.30)
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Comparing equations (4.29) and (4.30) we get
∆VL =
T∆IL1
8CL
(4.31)
Incorporating equation (4.25) into (4.31) we get
∆VL =
VL(1D)
8CLL1f 2
(4.32)
Here f is switching frequency of the converter. The value of capacitance can
be formulated as
CL =
(1−D)
8(∆VL/VL)L1f 2
(4.33)
The voltage ripple requirement specified can be used to obtain the capacitance
value.
The Inductor design
At steady state the capacitor current is zero, so the mean value of current flowing
through capacitor and resistor are same. The mean current is expressed as
IL1 = IR =
VL
R
(4.34)
The minimum value of current through inductor is given as
IL1max = IL1 +
∆IL1
2
IL1max =
VL
R
+
1
2
[
VL
L1
(1−D)T ] = VL[ 1
RL
+
(1−D)
2L1f
] (4.35)
IL1min = IL1 −
∆IL1
2
IL1min =
VL
R
− 1
2
[
VL
L1
(1−D)T ] = VL[ 1
RL
− (1−D)
2L1f
] (4.36)
The inductor value for CCM is obtained when minimum value of inductor
current is equated to zero and minimum inductance is obtained when
L1min ≥
(1−D)R
2f
(4.37)
The consistency in bi-directional buck-boost converter for inductor current is
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maintained as follows
L1boost =
D(1−D)2V 2H
2PHf
(4.38)
L1buck =
(1−D)2V 2L
2PLf
(4.39)
Here PH =
V 2H
R
and PL =
V 2L
R
. The value of D is increased in steps and is
substituted in above equation (4.38) and (4.39) to obtain the maximum value
solution.
The bi-directional converter has been simulated in MAT-LAB simulink which
shows the state of charge of battery, voltage and current at both the terminals of
the converter when the duty cycle is changed.
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Chapter 5
Simulation and Results
First of all the photo voltaic module is simulated using the specifications given in
chapter 2 .The result of simulation run were satisfactory and was as expected.The
waveform for V-P,V-I and I-P under different level of irradiation and varying
temperature is given as follows:
 current Vs Power characteristics are shown here with varying level of Irra-
diance.
Figure 5.1: I-P characteristics with varying Irradiance
 current Vs Power characteristics are shown here with varying level of tem-
perature.
 voltage Vs power characteristics is shown at varying level of irradiance.
 voltage Vs power characteristics is shown at varying level of temperature.
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Figure 5.2: I-P characteristics with varying Temperature
Figure 5.3: V-P characteristics with varying Irradiance
 voltage Vs current characteristics are shown with varying level of solar irra-
diance.
 voltage Vs current characteristics are shown with varying level of solar tem-
perature.
When the insolation is increased he current output is increased also the voltage
obtained is increased. The increased current and voltage results in increased power
output
Open loop Bi-directional buck boost converter is modeled in Mat lab Simulink
platform. The state of charge (SOC), current and voltage of battery connected at
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Figure 5.4: V-P characteristics with varying temperature
Figure 5.5: V-I characteristics with varying Irradiance
both the terminals are obtained for different duty cycle
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Figure 5.6: V-I characteristics with varying temperature
Figure 5.7: Waveform for battery voltage, current and state of charge (SOC) at
terminal 1
Figure 5.8: Waveform for battery voltage, current and state of charge (SOC) at
terminal 2
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Figure 5.9: Waveform for battery voltage, current and state of charge (SOC) at
terminal 1 when duty ratio is changed
Figure 5.10: Waveform for battery voltage, current and state of charge (SOC) at
terminal 2 when duty ratio is changed
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Conclusion and
Scope for the Future Work
Chapter 6
Conclusion and Scope for Future
work
6.1 Conclusion
In this project the problem for maximizing the power when under varying inso-
lation in series connected PV module has been Studied. Distributed algorithm
for differential power processing architecture has been taken under consideration
which uses neighbor to neighbor communication to obtain local voltage informa-
tion is used and perturb and observe algorithm is applied. Simulation has been
done to obtain PV module characteristics under varying insolation condition and
also open loop Bi-directional buck boost converter is simulated in Simulink to
understand the flow of power in both directions.
6.2 Scope for Future work
The PV module is to be implemented on Hardware which should provide the
dynamic performance that matches the PV module in outdoor environment. The
DPP architecture can be implemented in hardware base with either integrated
power stage or discrete power stage and the advantages of both can be observed.
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